INTRODUCTION 43 Aeolian transport of microbes is the primary assumption inherent to Louren Baas 44
Becking's hypothesis that "everything is everywhere, but the environment selects" 1 . 45 Aerosolized microbes may originate from agricultural fields 2 , sewage treatment centers 46 volcanic eruptions 6 . Organisms that have been independently aerosolized or attached to 48 dust particles can be transported thousands of kilometers, which presumably allows 49 microbes to easily move between continents and hemispheres [7] [8] [9] [10] [11] . 50
The study of aerobiology is making great strides in showing that viable cells are attached 51 to particles that are moved atmospherically 11, 12 . However, these findings support only 52 one of the two requirements for aeolian dispersal. While survival of cells on aeolian 53 particles is necessary, successful dispersal of microorganisms also requires successful 54 colonization of new habitats 13 . The presence of viable cells on actively transported 55 particulates is therefore not sufficient to show that aeolian transport is capable of 56 microbial dispersal. 57
An ideal site for examining global-scale microbial dispersal would be one that is 58 geographically isolated from similar sites and has habitat that is highly selective for 59 viable organisms 13 . Mt. Erebus, located on Ross Island in Victoria Land, Antarctica, fits 60 these criteria extremely well 14 . It is the southernmost active volcano on Earth and 61 possesses unique high-elevation geothermal features, such as ice caves and ice-free 62 fumarolic ground that are located near its 3794m summit 15 . The geothermal features 63 on Mt. Erebus are separated from similar features on distant volcanoes by hundreds of 64 kilometers of snow and ice, ensuring that locally-sourced microbes are psychrophilic. 65
The warm environments that are created by geothermal activity actively select against 66 local psychrophiles, and encourage the growth of viable thermophiles and mesophiles 67 that are endemic or have been sourced from distant features. terminus of a lava flow that is approximately 10,000 years old and is composed primarily 73 of phonolite, a fine-grained volcanic rock of alkali feldspars and nepheline 16 . A loose 74 layer, as deep as 10 cm, of highly altered mineral soils lies atop the phonolitic base 15 . 75
Within this ice-free area, small fumaroles emit steam and CO2, maintaining year-round 76 average surface temperatures of 60-65C even during the coldest part of winter when 77 air temperatures drop below -55°C 17 . Subsurface concentrations of CO2 and gas efflux 78 rates vary considerably, even between fumaroles in close proximity 18 . Fumaroles are 79 characterized by a neutral to mildly alkaline pH and are surrounded by steep lateral 80 decreasing pH and temperature gradients that support unique assemblages of mosses 81 and cyanobacterial mats 7, 17 . 82
A preliminary molecular community analysis of shallow (~2-4 cm depth) lateral transects 83 showed that bacterial community structure varies significantly across much of the cool 84 (<60 o C), low-pH (<7) expanse of Tramway Ridge; however, hot, neutral-pH steaming 85 fumaroles share bacterial communities that are similar to one another 17 . The study 86
showed that the fumaroles themselves are likely dominated by endemic taxa, including 87 deep-branching Planctomycetes, Acidobacteria and Chloroflexi, as well as many novel, 88 potentially division-level lineages with no known relatives 17 . The few Archaea observed 89
at Tramway Ridge were all classified as Crenarchaeota and were most similar to 90 environmental clones from subsurface environments in South Africa 19 and central 91
Europe 20 . 92
The aim of the current study is to examine the relevance of aeolian transport in the 93 assembly of the microbial community inhabiting the fumarolic soils of Tramway Ridge. 94
We characterize the composition of microbial communities with respect to depth within 95 fumaroles at Tramway Ridge, determine which taxa are dominant, and identify 96 physicochemical factors that might structure communities within fumaroles. Vertical 97 profiles were collected at two 65C fumaroles: one fumarole that vigorously emitted 98 CO2 and steam (active site, Figure 1e ) and another that was visibly less active (passive 99 site, Figure 1f ). Amplicon pyrosequencing is used to assess community composition and 100 structure within the soil profile at each fumarole, while shotgun DNA sequencing 101 enables the reconstruction of full-length 16S rRNA genes that are used for high-102 resolution phylogenetic analysis. This survey reveals the co-occurrence of two distinct 103 OTUs that were observed at Tramway Ridge, 68 (61%) were found to be cosmopolitan 155 and comprised between 32% and 92% of the summed relative abundances of any given 156 sample. Cosmopolitan OTUs were further classified into one of five environmental 157 categories based on the types of environment in which their non-Antarctic members 158 have been observed (Table 3, Supplementary Table S1 ). Almost 31% (34/111) of all OTUs 159 were classified as non-thermal and made up 5-30% of the total number of OTUs 160 observed in resampled communities (Table 3) . The surface (0-2 cm) sample from the 161 passive fumarole in particular showed the greatest diversity of non-thermal taxa, with 162 over 25% of all OTUs observed related to non-thermal lineages, collectively comprising 163 8.5% of the total reads in that sample. Over both profiles, the proportion of OTUs that 164
were classified as non-thermal decreased marginally with depth (Spearman rho=-0. with Crenarchaeota and Thaumarchaeota, specifically suggesting that it is a deep-209 branching relative of the Thaumarchaeota (Figure 4b ). This novel Archaeon evaded 210 amplification in a previous study 17 , most likely due to mismatches in both forward and 211 reverse primers. Archaeal sequences found in the previous study were present in the 212 current study as rare taxa and phylogenetically affiliated with group 1.1b of the 213 Thaumarchaeota (Supplementary Table S1 and Supplementary Fig. S2 ). 214
Amplicon libraries of the 16S rRNA gene were used to examine the distribution of the 216 geothermal microbial community in vertical profiles of fumaroles found on Mt. Erebus. 217
Two profiles were collected for analysis, one from an "active" fumarole, vigorously 218 emitting steam, and another from a "passive" fumarole. Measured physicochemistry 219 varied more at the active fumarole than at the passive fumarole ( Supplementary Fig.  220   S1 ), yet the community structure showed greater stratification at the passive fumarole, 221 as is evident from greater community dissimilarities observed in the depth profile. 222
Subsurface oxygen measurements were similar between the two fumaroles and no 223 additional physicochemical parameters (pH, conductivity, Carbon, Nitrogen, Moisture 224 etc.) were identified to play a significant role in determining community structure. This 225 suggests that currently unidentified soil physicochemistry variables, subsurface gas 226 composition or other unknown characteristics may play a more significant role in 227 determining the community structure within fumaroles than the variables measured in 228 the current study. 229
The microbial ecosystem of the Tramway Ridge ASPA fumaroles was dominated by an 230 enigmatic relative of Thaumarchaeota, Aigarchaeota and Crenarchaeota ( Figure 4B Mat-associated taxa, such as Cyanobacteria, were detected in the lowest substratum in 242 both profiles. Given the proximity of Cyanobacterial mats to fumaroles, this was not 243
surprising, yet it presented a challenge for identifying which taxa best represented 244 thermophiles that were specifically associated with the fumarolic mineral soils. these taxa were physically associated with fumarole-adjacent mats, or if it indicates that 266 these taxa were inhabitants of the fumarole that were directly dependent on mat-267 derived materials. These subcommunities were proportionately greater in the surface 268 (0-2 cm) of the highly stratified passive fumarole, and also included non-thermal OTUs 269 (Supplementary Table S1 Division OP1. However, the sequences in our dataset are highly similar (98.55% 296 nucleotide identity over the full-length 16S rRNA gene) to members of the GAL35 Class 297 of Candidate Division OP1, and in our phylogenetic reconstructions ( Supplementary Fig.  298 S2), this class forms a distinct Division-level lineage, as has been observed by other 299 researchers 28 . 300
OTUs were assigned to ICGs 3 and 4 were difficult to identify as either surface or 301 subsurface-associated. The abundance of OTUs in ICGs 3 and 4 decrease with depth 302 over the profile at the active site (site A), but are most abundant in the deepest 303 substratum at the passive site (siteB). OTUs assigned to these ICGs include novel 304 lineages of Actinobacteria and Chloroflexi, as well as thermally restricted lineages of 305 Armatimonadetes, Acidobacteria, Candidate Division BH1 and OP1 (GAL35). ICG 4 also 306 included a novel lineage of Planctomycetes that was detected in an earlier study 17 and 307
shown to be present in relatively high abundance in the current study. This full-length 308 sequence could confidently be assigned to the Gemmatales (97.8% posterior support) 309 We found that amplicons for the majority of OTUs (68/111) were highly similar (>97% 315 sequence identity over 400 nt of the 16S rRNA gene) to clones reported from non-316
Antarctic environments (Supplementary Table S1 and Supplementary Fig. S4 ). These 317
OTUs collectively accounted for 32-92% of the amplicons in any given sample library. 318
We propose that the taxa represented by these OTUs have likely been introduced to the 319 Tramway Ridge ASPA through recent (in geologic terms) aeolian transport. Aeolian 320 dispersal has also been invoked to explain the incidence and movement of mat-321 associated Cyanobacteria, moss and algae among geothermal sites in Antarctica 7,30,41,42 . 322
Atmospheric patterns suggest that South America is a likely source for Antarctic 323 microbes. Over the glacial periods of the last 160,000 years, the majority of dust 324 particles that were trapped in ice in Antarctica have been derived primarily from 325 Patagonia 43,44 . Consistent with the aeolian input of mesophilic organisms into 326 Antarctica, we found many non-thermal cosmopolitan OTUs at Tramway Ridge that 327 were predominately found in the surface strata (0-2 cm) of both profiles. It is possible 328 that these are signatures of organisms that have colonized the cooler areas adjacent to 329 hot fumaroles and are distributed to fumarolic locations by the harsh winds at Tramway 330 Ridge. Alternatively, some of these organisms may actually be living in a cooler, 331 fumarolic surface crust that is too thin to detect within the resolution of our 332 temperature probes (~1 cm). Regardless, the detection of diverse mesophilic 333 cosmopolitan signatures at Tramay Ridge hints that the dispersal of organisms to the 334 site may not be limited to thermophiles. 335
Abundant, cosmopolitan thermophiles in our dataset were classified as Mastigocladus 336 laminosus, Meiothermus sp., Acidobacteria, OctSpA1-106, GAL35 and OP1_GAL35 and 337 are indistinguishable from those found in geothermal environments elsewhere. This 338 suggests that each of these lineages possess adaptations for long-range dispersal. 339
Interestingly, these OTUs match sequences from various areas known to be capable of 340 "super-volcano" scale eruptions, including the Yellowstone Caldera (USA) 24,27 , Altiplano-341 Puna Volcanic Complex (Chile, Bolivia) 35 , and the Taupo Volcanic zone (New Zealand) 45 . 342
Specific organisms, such as Mastigocladus laminosus, which form conspicuous microbial 343 mats at the Tramway Ridge ASPA 7,17 have previously been hypothesized to have 344 originated from Yellowstone Caldera and it has been suggested that they have 345 subsequently become globally distributed through aeolian dispersal 46 . Our dataset 346 alone cannot be used to identify sources of the microbiota at Tramway Ridge, but 347 volcanic events are readily detected in Antarctic ice cores and several of these can be 348 traced to off-continent events 47 that global-scale dispersal nevertheless plays a significant role in the assembly of 362 microbial communities. On the other hand, the presence of highly abundant, endemic 363 populations suggests that specific organisms are uniquely adapted to this particular 364 combination of environmental factors. These endemic taxa are defined explicitly by 365 their ability to outcompete exogenous microbes, and their inability to disperse to other 366 habitats. In our work, this principle is shown for thermophilic communities, however 367 there is no reason to suspect that this principle cannot be extended to mesophilic 368 communities. We conclude that the process of microbial dispersal over global-scale 369 distances must be considered as an important component of the general concept of 370 microbial community assembly. 371 Samples were thawed and aliquots removed for pH/conductivity, total moisture 390 content, and carbon/nitrogen analyses. Preparation and analyses followed previously 391 published procedures 57, 58 , and results are summarized in Table 1 . Moisture content, pH, 392 total carbon and total nitrogen were combined with previously collected 393 physicochemistry data 17 were processed using AmpliconNoise v1.22 to remove noise and filtered for chimeric 452 reads using Perseus 66 . Reads were required to perfectly match MID sequences for 453 processing. Sequence predictions from fewer than 3 individual raw reads or with at least 454 one primer mismatch were discarded. Pairwise alignments/distances between sequence 455 predictions were calculated using ESPRIT 67 and reads were clustered into Operational 456
METHODS 372

Sample collection
Taxonomic Units (OTUs) using a distance cutoff of 0.03 and the average neighbor 457 clustering algorithm (Table 2) in Mothur 68 . OTUs that correspond to full-length 458 sequences (>99% identity) were classified using our calculated phylogeny with a strict 459 phylogenetic nesting criterion while remaining OTUs were classified taxonomically using 460 classify.seqs in Mothur with 80% confidence as a threshold, using the Greengenes 461 alignment and taxonomic outline released in November, 2012 69 . 462
Environmental classification of OTUs 463
Each unique amplicon sequence was queried against the NCBI nr nucleotide database 464 using BLAST 63 . Reads were classified as "thermal" in the case that all database entries 465 that matched the representative unique sequence with >97% identity had been 466 previously observed in thermal environments, as "non-thermal" if all matches were 467 observed in non-thermal environments and as "polythermal" if the matches were 468 observed in a mixture of thermal and non-thermal environments. Reads for which the 469 representative unique sequences only matched with <97% identity to any entries in the 470 database were classified as "sub-novel" or "novel" if the nearest match was between 471 95.5% and 97%, or <95.5%, respectively (see Supplementary Fig. S4 for histogram 472 justifying these boundaries). 473
Determination of Intra-Correlated Groups 474
OTUs were partitioned into "Intra-Correlated Groups" (ICGs) based on resampled 475 correlation between relative abundance across all samples. First, "adjusted" relative 476 abundances were calculated by adding a single Bayesian pseudo-count to the number of 477 counts observed for each OTU. This allowed every OTU to have a non-zero probability of 478 occurrence in any sample. These revised counts were used as a probability vector to 479 
